Introduction
Cytoskeleton remodeling and its function in cell migration have an essential function in a variety of biological processes from conception to death. This integrated process choreographs tissue formation during embryonic development. In the adult, cell migration is central to homeostatic processes such as establishing an effective immune response or the repair of injured tissues. The failure of cells to migrate, or migration of cells to inappropriate locations, can have serious consequences such as mental retardation, vascular disease, rheumatoid arthritis, tumor formation and metastasis. In fact, the dynamic remodeling of the actin cytoskeleton in response to growth factors or stress signals is an essential process in eukaryotic cells; as a less dynamic cytoskeleton is unable to respond effectively to those signals and results in reduced cell mobility.
Assembly of actin stress fibers is regulated by a signaling cascade involving the RhoA small GTPase (Ridley et al., 1992; Chrzanowska-Wodnicka and Burridge, 1996) . The GTP bound form of RhoA activates the Rho-associated kinase (ROCK) that in turn can activate LIM-kinase 1 (LIMK-1) by phosphorylation at threonine 508 (Ohashi et al., 2000) and LIM-kinase 2 (LIMK-2) by phosphorylation at threonine 505 (Sumi et al., 2001) . Although the LIMKs are very homologous, 50% overall identity (Mizuno et al., 1994; Nunoue et al., 1995) , these are subjected to different regulatory pathways and may contribute to both distinct and overlapping cellular and developmental functions (Ohashi et al., 2000; Sumi et al., 2001 Sumi et al., , 2006 . LIMK regulates actin dynamics by phosphorylating and inactivating the actin depolymerization factor, cofilin (Arber et al., 1998; Yang et al., 1998) . Cofilin regulates actin dynamics by severing actin filaments and sequestering the actin monomer from the pointed end of actin filaments. Though, once phosphorylated by LIMKs, cofilin can no longer bind to actin, resulting in increase of actin polymers, actin stress fiber formation and a reduction in cell mobility (Arber et al., 1998; Sidani et al., 2007) .
Cell migration appears to be tightly coupled to cellcycle withdrawal. Indeed proteins essential for regulation of the cell cycle also influence cell migration. In particular, members of the cyclin-Cdk inhibitors of the Cip/Kip family, composed of p21 other cell-cycle inhibitors cannot compensate for (Yan et al., 1997; Zhang et al., 1997) . In addition, the p57 Kip2 gene, located on chromosome 11p15.5, has been suggested to be a tumor suppressor gene, being inactivated in various types of human cancers (Shin et al., 2000; Nakai et al., 2002; Sui et al., 2002; Li et al., 2003; Kobatake et al., 2004; Chim et al., 2005) . In fact, loss or low levels of p57
Kip2 protein correlate with poor patient outcomes in multiple human malignancies. In recent years, p57
Kip2 has been shown to have cell-cycle independent functions, it influences cell differentiation (Dyer and Cepko, 2000; Joseph et al., 2003 Joseph et al., , 2009 Jia et al., 2007) , apoptosis (Samuelsson et al., 2002; Vlachos et al., 2007) and cell migration (Sakai et al., 2004; Fan et al., 2006; Itoh et al., 2007; Jin et al., 2008) implying that p57
Kip2 has other actions that are unrelated to its function as a cyclin-dependent kinase (Cdk) inhibitor. However, little is known concerning p57
Kip2 function in the regulation of the actin cytoskeleton dynamic and its possible implication for cancer cells mobility.
In the present study, we show that specific p57
Kip2 expression promotes actin stress fiber formation in cancer cells. Our studies reveal that p57 Kip2 physically interacts with LIMK-1 in the cytosol and promotes its kinase activity independently of ROCK. As a result of this increased kinase activity, phosphorylation of cofilin is amplified and the consequent enrichment in actin stress fibers observed. Fluorescence recovery after photobleaching (FRAP) analysis of fluorescent-labeled actin further demonstrated that the accumulation of actin polymers on p57
Kip2 expression and the resulting reduction in the actin mobile fraction affects the protein turnover in cell. Finally, we present evidence that the p57 Kip2 control of LIMK-1 ultimately affects cell mobility negatively. Thus, these results indicate that the Cdk inhibitor, p57 Kip2 , is critical in regulation of the actin cytoskeleton dynamic and by this means migration ability of cancer cells.
Results

Increased number of actin stress fibers in p57
Kip2 -expressing cells To explore a potential function for p57
Kip2 in actin cytoskeleton organization and dynamic, we took advantage of HeLa Tet-On derived cell lines stably transfected with the tetracycline-inducible p57 Kip2 (Samuelsson et al., 2002; Vlachos et al., 2007) . HeLap57 cells can be induced to express p57
Kip2 selectively, upon administration of the tetracycline analogue doxycycline (Dox; Figure 1a ). HeLa-ctrl cells are control cells in which no increase in p57
Kip2 expression level occurs following Dox treatment.
To investigate the effect of selective p57 Kip2 expression on the organization of the cytoskeleton, we treated HeLa Tet-On cell lines with Dox (2 mg/ml) for 24 h. Afterward the cells were stained with rhodamine phalloidin to visualize F-actin and Hoechst 33342 to counterstained nuclei. When analysing the actin cytoskeleton by confocal microscopy, we noticed increased actin fiber stabilization and the formation of stress fibers in p57
Kip2
-expressing cells (Figure 1b) . Similar effects on the actin cytoskeleton were observed on transient overexpression of p57
Kip2 in HeLa cells and COS-7 cells (data not shown). In contrast, Dox treatment of HeLa-ctrl cells had no effect on the morphology of the actin cytoskeleton (data not shown). Altogether these results show that selective p57 Kip2 expression affects the organization of the actin cytoskeleton in HeLa cells.
p57
Kip2 interacts with the cytoskeleton modifying enzyme LIMK-1 To further characterize the function of p57
Kip2 during cytoskeleton rearrangements, we analysed LIMK-1, a cytoskeleton regulatory protein that has been reported to interact with p57
Kip2 (Yokoo et al., 2003) . LIMK-1 is a serine protein kinase that regulates the dynamics of the actin cytoskeleton primarily by phosphorylation of the actin depolymerization factor cofilin, with important consequences for cell morphology, and cell motility. Using our model system, we wanted to confirm whether p57
Kip2 can interact with LIMK-1. Significant protein-protein interaction was detected by co-immunoprecipitation in HEK-293 cell extracts expressing hemagglutinin (HA)-immunotagged human p57 Kip2 , alternative mouse p57 Kip2 , in association with Kip2 controls LIMK-1 and actin dynamics P Vlachos and B Joseph FLAG-immunotagged LIMK-1 (Figure 2a ). Proteinprotein interaction between p57 Kip2 and LIMK-1 was also observed in HeLa cell extract or when using a Myctagged LIMK-1 expression vector, instead of the Flagtagged LIMK-1 (data not shown). The interaction was further confirmed with endogenous proteins (Figure 2b ). HeLa cells were transfected with p73b a known inducer of p57
Kip2 expression (Blint et al., 2002; Gonzalez et al., 2005) . In that context, endogenous p57
Kip2 could be detected and a significant interaction with LIMK-1 was confirmed. In addition, we investigated whether p57 Kip2 could interact with LIMK-2, as it shares in some extent similar amino-acid identity and function with LIMK-1 (Ohashi et al., 2000; Sumi et al., 2001 Sumi et al., , 2006 . However no physical interaction was found between p57
Kip2 and LIMK-2. Thus, we speculated that the observed effect of p57
Kip2 on the actin cytoskeleton organization might reflect the direct protein-protein interaction between p57
Kip2 and LIMK-1.
Kip2 and LIMK-1 colocalize in the cytoplasm To further characterize and reveal the interplay between p57
Kip2 and LIMK-1 in actin cytoskeleton reorganization, we investigated the subcellular localization of these two proteins. For this purpose, HeLa cells were transfected with Flag-or Myc-immunotagged LIMK-1 expression vector, and LIMK-1 subcellular localization was investigated by confocal immunofluorescence microscopy using antibodies against the Flag-or Myc-tag of the protein. LIMK-1 protein appeared to be restricted to the cytoplasmic compartment, as no nuclear localization was observed as exemplified by simultaneous Hoechst 33342 staining of the nuclei (Figure 3a) . It is important to notice that, in contrary to previously proposed (Yokoo et al., 2003) , coexpression of p57
Kip2 did not affect the subcellular localization of LIMK-1, as the staining for the kinase remained exclusively cytoplasmic. The restricted cytoplasmic localization of LIMK-1 was further confirmed by subcellular fractionation and immunoblot analysis ( Figure 3b) .
Conversely, p57 Kip2 was found to be expressed in both the nuclear and the cytoplasmic cell compartments. Whereas, strong immunoreactivity for p57 Kip2 was found in nuclei of majority of cells, p57
Kip2 cytoplasmic staining was as well observed in a number of cells ( Figure 3a) and confirmed with the subcellular fractionation analysis (Figure 3b ). Thus, it appears that p57
Kip2 and LIMK-1 were only conjointly expressed in the cytoplasm. In fact, the yellow color in the depicted confocal images is the result of an overlay between the green fluorescence (LIMK-1) and the red one (p57
Kip2
) determining the colocalization of these proteins (Figure 3a) . It is worth noting that p57
Kip2 expression was increased in the cytosolic fraction and decreased in the nuclear fraction when coexpressed with LIMK-1 as illustrated by the immunoblot analysis (Figure 3b ). These results suggested that cytoplasmic p57
Kip2 interacts with LIMK-1 and thereby could contribute to the increase in actin stress fibers.
p57
Kip2 promotes LIMK-1-dependent but ROCK-independent phosphorylation of cofilin To uncover the importance of p57 Kip2 -LIMK-1 complexes, we decided to examine whether p57 Kip2 interaction with LIMK-1 can modify its kinase activity on its substrate cofilin. LIMK-1 phosphorylates and inactivates cofilin to suppress its actin depolymerization and actin-severing activity, thereby facilitating stress fiber formation. As shown in Figure 4a , expression of LIMK-1 in HeLa cells led to phosphorylation of cofilin protein at residue serine 3. Importantly, coexpression of p57 Kip2 brings on a substantial increase in the amount of phosphorylated cofilin suggesting that indeed p57 Kip2 enhances LIMK-1 serine kinase activity. To strengthen this observation, cells were transfected with an expression vector encoding a kinase-inactive mutant of LIMK-1, LIMK-1 D460A, in which the catalytic residue Asp 460 is replaced with Ala. LIMK-1 D460A expression had no apparent consequence on actin cytoskeleton Kip2 , alternative mouse p57 Kip2 , alone or in association with FLAG-immunotagged LIMK-1. At 24 h after transfection, total cell extract were subjected to immunoblotting using antip57
Kip2 or anti-Flag antibodies. Total cell extracts were immunoprecipitated with anti-HA antibody and immune complexes were subjected to immunoblotting using anti-Flag antibody. (b) HeLa cells were transfected with expression vector encoding p73b. At 24 h after transfection, total cell extracts were subjected to immunoblotting using anti-p57
Kip2 , anti-LIMK-1 antibody or anti-LIMK-2 antibody. Total extracts were immunoprecipitated with anti-p57
Kip2 and immune complexes were subjected to immunoblotting using anti-LIMK-1 or anti-LIMK-2 antibody. Kip2 controls LIMK-1 and actin dynamics P Vlachos and B Joseph organization ( Figure 4d ) and phosphorylation of cofilin even when the cells were co-transfected with p57
Kip2
( Figure 4a ). Altogether these data showed that the p57 Kip2 involvement in the reorganization of actin cytoskeleton is dependent of LIMK-1 activity.
Then to confirm that p57 Kip2 interaction with LIMK-1 directly affects its kinase activity, LIMK-1 alone or in association with p57
Kip2 was expressed in HeLa cells. LIMK-1 was immunoprecipitated from total cell extracts, and kinase activity was measured using cofilin as an LIMK-1 substrate. Cofilin phosphorylation activity of LIMK-1 was considerably enhanced in cells expressing p57
Kip2 compared with cells expressing only LIMK-1 (Figure 4b ). Consequently, it is evident that LIMK-1 interaction with p57 Kip2 enhances its kinase activity.
LIMK-1 activation is regulated by another kinase, ROCK. ROCK activates LIMK-1 by phosphorylation at threonine 508 (Ohashi et al., 2000) . Using a specific pharmacological inhibitor of ROCK, Y-27632, we could see that ROCK inhibition, even for short exposure (3 h), reduced phosphorylation of cofilin in LIMK-1 (Figure 4a ). Nevertheless, even on chemical inhibition of ROCK with Y-27632, p57
Kip2 was still able to promote phosphorylation of cofilin ( Figure 4a) ; suggesting that the positive effect of p57
Kip2 on LIMK-1 activity Kip2 controls LIMK-1 and actin dynamics P Vlachos and B Joseph is not through ROCK. We then investigated the phosphorylation status of LIMK-1 at residue threonine 508 and the importance of this phosphorylation site for the p57
Kip2 effect on LIMK-1 (Figure 4c ). Phosphorylation of LIMK-1 was enhanced when cells were transfected with LIMK-1. Surprisingly, when cells were co-transfected with p57 Kip2 , phosphorylation of LIMK at residue threonine 508 was reduced but phosphorylation of cofilin was enhanced (Figure 4c ). To strengthen this observation, we transfected cells with an expression vector encoding a mutant of LIMK-1, LIMK-1 T508A, in which the ROCK phosphorylation site residue Thr508 is replaced with Ala. LIMK T508A expression decreased phosphorylation level of both LIMK and cofilin. However, mutation of the ROCK phosphorylation site did not affect p57
Kip2 ability to enhance LIMK-1 activity as seen by an increase in phosphorylation of cofilin ( Figure 4c ). Altogether, these data show that activation of LIMK-1 by p57
Kip2 is not related to its phosphorylation status at Thr508, and that p57 Kip2 enhances LIMK-1 activity independently of ROCK.
We continued to explore the modulation of LIMK-1 functions by p57 Kip2 , by exploring its effect on LIMK-1-induced actin stress fiber formation. HeLa-p57 cells were transfected with the expression vector encoding Myc-LIMK-1 and then subsequently treated or not with Dox to induce the expression of p57 Kip2 . As reported earlier in other cell types, LIMK-1 expression induced the formation of stress fibers and actin bundles in HeLa cells (Figure 4d ). Ectopic p57
Kip2 expression itself promoted as well increased stress fibers and actin bundles (Figures 1b and 4d) . Moreover, coexpression of LIMK-1 and p57
Kip2 had synergistic effect on the morphology of the actin cytoskeleton, with a robust increase in stress fiber formation and actin bundles (Figure 4d ). Similar results were also obtained in COS-7 cells when Myc-LIMK-1 and HA-p57 were conjointly expressed (data not shown). In addition, the p57 Kip2 effects on the actin cytoskeleton were also observed when using a mouse-derived p57
Kip2 or using a Flagimmunotagged version of LIMK-1 (data not shown).
These data provide compelling evidence that p57 Kip2 is important for the regulation of LIMK-1 activity (Figures 4a-c) and thereby controls the formation of actin stress fibers elicited on phosphorylation/inactivation of cofilin by LIMK-1 (Figure 4d ).
p57
Kip2 is dependent on LIMK-1 to regulate cytoskeleton reorganization To substantiate the implication of LIMK-1 in p57 Kip2 ability to promote stress fiber formation, we investigated the effect of gene silencing of LIMK-1 or LIMK-2 with siRNA (small-interference RNA; Figure 5a ). HeLa-p57 cells were co-transfected with green fluorescent protein (GFP) and siRNA LIMK-1, and were induced for p57
Kip2 expression. Confocal immunofluorescence analysis revealed that siRNA LIMK-1 significantly reduced stress fiber and actin bundle formation on p57 Kip2 expression (Figure 5b ). In agreement with the absence of protein-protein interaction between p57
Kip2 and LIMK-2 (Figure 2b ), siRNA-mediated knockdown of LIMK-2 did not affect the effect of p57 Kip2 on the actin cytoskeleton (Figure 5b) . Hence, p57
Kip2 specifically requires LIMK-1 to promote stress fiber formation.
Kip2 effects on LIMK-1 activity and actin cytoskeleton are independent of its Cdk inhibitor ability p57
Kip2 is a known inhibitor of Cdk. To investigate if the effect of p57
Kip2 on the cytoskeleton also depends on the same domain as the antiproliferative ones, we used a mutated derivative of p57 Kip2 (p57Cdk mut ) that is unable to inhibit Cdk activity (Watanabe et al., 1998; Joseph et al., 2003; Vlachos et al., 2007) . This derivative, p57Cdk mut , contains two substitutions (R31A and F34D) in the cyclin binding domain and two (W61A and F65D) in the Cdk binding region, and has lost its capability to interact with Cdk2 physically and therefore its ability to inhibit the activity of this kinase, as shown in Figure 6a . Consequently p57Cdk mut has lost its inability to stop cells in G 1 as shown before (Joseph et al., 2003; Vlachos et al., 2007) . Although p57Cdk mut is unable to induce cell-cycle arrest, it retained the ability to promote LIMK-1-induced cofilin phosphorylation in HeLa cells (Figure 6b ) and to localize in both nucleus and cytoplasm (Figures 3a and b) . Furthermore, p57Cdk mut also promoted the formation of actin stress fibers and actin bundles in these cells (Figure 6c ). Taken together, these data demonstrate that p57
Kip2 has the ability to modify the cytoskeleton morphology by a mechanism that is independent of its ability to inhibit Cdk activity.
Kip2 expression reduces actin dynamics Actin dynamics and turnover rates have been implicated in many aspects of cell function. This dynamic relationship can be investigated using FRAP of fluorescentlabeled actin. To investigate the actin dynamics in p57 Kip2 -expressing cells, we transfected HeLa-p57 cells with a GFP-tagged actin expression vector, after which cells were treated or not with Dox to induced p57 Kip2 expression.
In these experiments, a delimited region that occupied B6.25 mm 2 in a GFP-actin expressing HeLa cell was photobleached by an intense laser radiation and the exchange between the bleached and the unbleached population of GFP-actin was then monitored. This experimentation was carried out to compare the actin turnover kinetics in p57
Kip2
-expressing vs -nonexpressing cells. In each case, the recovery of fluorescence at the bleached area was monitored for at least 120 s after laser irradiation (Figures 7a and b) .
In control cells, the maximum fluorescence recovery at the bleached area was reached within 120 ms. In contrast, the exchange between the bleached and the unbleached regions in p57 Kip2 -expressing cells was significantly slower and was not able to come up to levels of the control cells during the monitoring period (Figures 7a and b) . Performing FRAP analysis on cells expressing GFP-tagged proteins can reveal information regarding the turnover kinetics of the labeled population, as well as the fraction of the population that -expressing cells. These data suggest that p57 Kip2 -expressing cells that have more actin engaged in the formation of stress fiber have a lower pool of free actin available. Cells continuously control the growth and shrinkage of actin filament networks to perform tasks crucial for their survival such as cell motion. Thus, the diminished actin dynamics in cells expressing p57
Kip2 could have implication for this cellular function.
Cell migration is impaired in cells expressing p57 Kip2
Cofilin is important in regulating the dynamics of the actin cytoskeleton of migrating cells both in vivo and in vitro. It has been shown that cells with low cofilin Kip2 controls LIMK-1 and actin dynamics P Vlachos and B Joseph levels have defects in actin depolymerization and migration abilities (Hotulainen et al., 2005; Sidani et al., 2007) . We therefore decided to examine if p57 Kip2 , by affecting the phosphorylation/inactivation of cofilin, can also influence the migration ability of the cells. Confluent HeLa-p57 cell monolayers were subjected to a wound-healing assay to monitor cell motility. To induce selective p57
Kip2 expression in HeLa-p57 cells, we performed Dox treatment 24 h before wounding. Confluent cell cultures were scraped with a pipette tip to create a cell-free wound and images were captured at the beginning and at regular 1.5 h intervals during cell migration to close the wound. A decrease in woundhealing (cell motility) activity was clearly seen in cells expressing p57 Kip2 already after 3 h as compared to control cells (Figure 8a ). Indeed after 3 h, in control cells Kip2 . In the absence of LIM-kinase 1 (LIMK-1) and p57 Kip2 , cofilin depolymerizes the actin filaments. When p57
Kip2 is expressed, it is translocated to the cytoplasm where it interacts with LIMK-1. This interaction makes LIMK-1 more active by means of phosphorylating cofilin, making cofilin unable to depolymerize the actin filaments.
p57
Kip2 controls LIMK-1 and actin dynamics P Vlachos and B Joseph cell exposed region was measured to be 44±13% of the initial distance between the edges of wound area. Thus, these data establish that p57
Kip2
-expressing cells have a decrease in cell velocity as measured in this classical wound-healing assay.
Discussion
Decreased expression of p57 Kip2 has been found frequently in human cancer cells, mainly due to silencing of the gene by different epigenetic changes (Shin et al., 2000; Kobatake et al., 2004; Chim et al., 2005) . Several studies have correlated poor patient outcomes with loss or low levels of p57
Kip2 protein in multiple human cancers (Nakai et al., 2002; Sui et al., 2002; Li et al., 2003) . A reduction of p57
Kip2 protein expression has also been correlated with an occurrence of lymph node metastasis (Fan et al., 2006) . In human prostate cancer the expression of p57
Kip2 is significantly decreased, and the overexpression of p57
Kip considerably suppressed cell proliferation and reduced invasive ability (Jin et al., 2008) . In this study we explored the potential involvement of p57
Kip2 in the regulation of cytoskeleton dynamics and migration in cancer cells. p57
Kip2
, most probably because of its Cdk inhibitory function, is frequently considered as a nuclear protein; however, cytoplasmic expression of this protein has been demonstrated in various tissue, tumors and derived cell lines (www.proteinatlas.org; Barbe et al., 2008; Nan et al., 2005; Matsumoto et al., 2000; Pateras et al., 2006; Bozdogan et al., 2008; Joseph et al., 2009 ). In fact, as for the other members of the family, p21
Cip1/waf1 and p27
Kip1
, cytoplasmic functions for this protein have been described (Suzuki et al., 1999; Coqueret, 2003; Denicourt and Dowdy, 2004; Besson et al., 2008) . We recently reported that upon apoptotic stimuli p57
Kip2 is translocated to the mitochondria whereby it influences the intrinsic apoptotic cell death pathway in cancer cells (Vlachos et al., 2007) . Both nuclear and cytoplasmic subcellular localization for p57 Kip2 were observed in HeLa and COS-7 cells. It is important to notice that, in opposition to what suggested in a previous report (Yokoo et al., 2003) , collectively confocal fluorescent cell imaging and immunoblot analyses using cytosolic and nuclear fractions demonstrated that the coexpression of p57
Kip2 did not affect the subcellular localization of LIMK-1, as the protein remained exclusively expressed in the cytoplasm. Rather, it is important to notice that more p57
Kip2 was located in the cytosol when coexpressed with LIMK-1. Thus, it comes into view that p57
Kip2 and LIMK-1 only colocalized in the cytosolic cell compartment.
Further, we show in HeLa and HEK-293 cells that this colocalization allows physical endogenous proteinprotein interaction between p57
Kip2 and LIMK-1 and establishes that this interaction enhances the kinase activity of LIMK-1. The conclusion that p57 Kip2 enhances LIMK-1 kinase activity is supported by several observations. First, immunoblot analyses reveal that p57
Kip2 expression improved LIMK-1-dependent phosphorylation of cofilin at Ser3. In agreement, coexpression of p57
Kip2 also supported LIMK-1 function in an in vitro kinase assay using cofilin protein as substrate. These data suggest an improvement of the LIMK-1 activity in p57 Kip2 -expressing cells. Second, not only p57
Kip2 expression increased phosphorylation of cofilin, it also promoted the formation of actin stress fiber as a consequence of the inactivation of this actin-depolymerizing factor on phosphorylation. Finally, the effects of p57
Kip2 on both cofilin phosphorylation and actin fiber formation were found to require an enzymatically active LIMK-1 protein. Moreover, coexpression with a kinaseinactive mutant of LIMK-1, LIMK-1 D460A or siRNA against LIMK-1 reduces the ability of p57
Kip2 to support phosphorylation of cofilin or actin stress fiber formation. It is noteworthy that even if LIMK-1 enzymatic activity is essential for p57
Kip2 effect on the actin cytoskeleton, its phosphorylation at Thr508 by ROCK is not required. Similarly, activation of LIMK1 by vascular endothelial growth factor has also been shown to be independent of its phosphorylation at Thr508 (Kobayashi et al., 2006) . Altogether these data illustrate the existence ROCK-independent mechanism for the activation of LIMK-1 in cells.
Our results also suggest that the CKI p57 Kip2 holds actin cytoskeleton remodeling properties that are independent of its ability to inhibit Cdk activity. To notice, the differentiation and proapoptotic properties of p57
Kip2 have also been shown to be independent of its ability to regulate the cell cycle, and emphasize that p57
Kip2 is a multifunctional protein (Joseph et al., 2003 (Joseph et al., , 2009 Vlachos et al., 2007) . Altogether, these results demonstrated that the presence of p57
Kip2
-LIMK-1 interaction supports the enzymatic activity of the kinase in these complexes and thereby promotes the stabilization of the actin fibers on the resulting inhibition of the actin-depolymerizing factor cofilin (Figure 8c) .
Although cell migration cannot be attributed to actin polymerization alone, the redistribution of actin fibers and the formation of pseudopodia are important events in cell locomotion. The actin cytoskeleton is believed to provide both the protrusive and contractile forces required for cell migration, through a combination of actin polymerization and depolymerization. Thus, cell migration is promoted by actin polymerization/depolymerization cycles and deregulation in favor of any of the two processes should lead to reduced cell mobility. In agreement, perturbations in the RhoA/ROCK/LIMK-1/ cofilin pathway regulating the remodeling of the actin cytoskeleton have been reported in cancer cells and shown to affect cell migration. For example, the p57 Kip2 's interacting partner, LIMK-1 has been shown, depending on the cellular context, to either promote or inhibit cell mobility. Whereas, ectopic expression of LIMK-1 has been reported to increase migration and invasiveness of breast and prostate cancer cells (Davila et al., 2003; Yoshioka et al., 2003) , its overexpression decreases the mobility and invasion of Ras-transformed fibroblasts and mammary tumor cells (Zebda et al., 2000; Wang et al., 2006) . Kip2 controls LIMK-1 and actin dynamics P Vlachos and B Joseph
Although p57
Kip2 has previously been shown to influence migration of various cell types (Sakai et al., 2004; Fan et al., 2006; Itoh et al., 2007; Jin et al., 2008) , the possible implication of the actin cytoskeleton dynamic for this function has not been established. To further elucidate these issues, we investigated the actin turnover kinetics in p57
Kip2
-expressing vs -nonexpressing cells using FRAP analysis of GFP-labeled actin. In fact, selective p57
Kip2 expression in HeLa cells resulted in a fall of the actin mobile fraction reflecting the recruitment of F-actin into the stress fiber. Importantly, the reduction in the cytoskeletal remodeling ability correlated with a robust diminution in cell locomotion as monitored by wound-healing assays.
Our findings define a novel mechanism for coupling cytoplasmic p57
Kip2 to the regulation of actin polymerization by the control LIMK-1 activity. These studies suggest that localization of p57
Kip2 to the cytoplasm in cancer cells is involved in pathways that favor not only cell death (Vlachos et al., 2007) , but also prevent cell motility independently of the RhoA/ROCK signaling pathway. Those data also support the proposal that p57
Kip2 can act as a tumor suppressor gene. Because remodeling of actin cytoskeleton has an important function in cell migration and has implication for invasion and metastasis, uncovering its biological regulators and better understanding of p57/LIMK-1/cofilin signaling pathways may provide new insights into tumor development and progression.
Materials and methods
Plasmids pcDNA 3 -HA-p57
Kip2 (human) and pcDNA 3 -HA-p57Cdk mut were gifts from Y Xiong (University of North Carolina, USA). pcDNA 3 -p57 Kip2 (mouse) was gift from S Leibovitch (Centre National de la Recherche Scientifique, France). Myc-LIMK1, Myc-LIMK1 D460A mutant and Myc-LIMK1 T508A in FPC1 vector were gifts from K Mizuno (Tohoku University, Japan). Flag-LIMK1 and Flag-LIMK1 D460A mutant in cytomegalovirus vector were gifts from Hideo Toyoshima (Tsukuba University, Japan). GFP-actin was gift from Pirta Hotulainen (University of Helsinki, Finland). GFP plasmid was from Clontech (Mountain View, CA, USA).
Cell culture, transfection and treatments Human cervical carcinoma HeLa, monkey African green kidney COS-7, human embryonic kidney HEK-293 cells were cultured as described. The cell line was derived from HeLa cells in which p57
Kip2 expression is under control of tetracycline. HeLa-p57 and HeLa-ctrl used as negative control have been previously described (gifts from S Okret, Karolinska Institutet) (Samuelsson et al., 2002) . Dox (2 mg/ml) was added into the culture medium for 24 h to induce expression of p57 Protein extracts, immunoprecipitation and immunoblotting Cytoplasmic and nuclear protein extracts were prepared as reported (Joseph et al., 2003) . Total protein extracts were made directly in 2 Â loading buffer. For immunoprecipitation, protein Sepharoseprecleared total protein extracts were incubated with the indicated antibody in nuclear extract buffer overnight at 4 1C. Immunocomplexes bound to protein A-or G-Sepharose were collected by centrifugation and washed in radioimmunoprecipitation assay (RIPA buffer). For immunoblot analysis, cell extracts were resolved on SDS-polyacrylamide gel electrophoresis (PAGE) and blotted; protein pieces were detected with anti-p57 Kip2 C20 (Santa Cruz Biotechnology, Delaware, DE, USA), anti-cMyc (Santa Cruz Biotechnology), anti-HA (Roche, Basel, Schweiz), anti-Flag (Sigma, St Louis, MO, USA), anti-phospho-cofilin Ser3 (Cell Signaling, Danvers, MA, USA), anti-LIMK1 (Santa Cruz Biotechnology), anti-LIMK1 (Cell Signaling), anti-LIMK2 (Cell Signaling) or antilamin B (MatriTect, Cambridge, UK) antibodies as described. Immunoblot with anti-G3PDH) antibody (Trevigen, Gaithersburg, UK) was used for standardization of protein loading. Bands were visualized by enhanced chemiluminescence (ECL Plus) following the manufacturer's instructions (Amersham, GE Healthcare, UK).
Immunofluorescence confocal microscopy Anti-p57
Kip2 C20 (Santa Cruz Biotechnology) anti-cMyc and anti-Flag (Sigma) antibodies were used in immunodetection. Alexa Fluor 488-or 594-conjugated anti-IgG was used as secondary antibody (Molecular Probes, Paisley, UK). Cells were fixed in 4% paraformaldehyde and blocked in HEPES/ 3% bovine serum albumin/0.3% Triton X and successively incubated with primary (4 1C, 16 h) and secondary antibodies (room temperature (RT), 1 h). Cell nuclei were counterstained with 0.1 mg/ml Hoechst 33342. To visualize F-actin, we used rhodamine-conjugated phalloidin (1:8000) was staining (30 min, RT). Mounting was performed with VECTASHIELD (Vector Laboratories). Samples were analysed under Zeiss 510 Meta Confocal Laser Scanning microscope equipped with an inverted Zeiss Axiovert 200M microscope (Oberkochen, Germany). Mix dyes were acquired by sequential multiple channel fluorescence scanning to avoid bleeds through.
Cell-cycle distribution analysis by flow cytometry
The distribution of cells in the G 1 , S and G 2 /M cell-cycle phases was determined by DNA flow cytometry as described earlier (Joseph et al., 2002 ). Cells were harvested and then fixed with ice-cold 70% ethanol for 1 h. Samples were then washed with phosphate-buffered saline and stained with propidium iodide (PI) in the presence of RNase A. Fluorescence-activated cell sorting (FACS) analysis was carried out with a FACSCalibur.
Fluorescence recovery after photobleaching Fluorescence recovery after photobleaching was applied to measure the actin treadmilling rates in HeLa cells. Untreated and Dox-treated HeLa Tet-On p57 cells were transfected with GFP-actin subsequently for 24 h, and placed on glass chamber slide. Chambers were then placed in the POC chamber/CTI Controller/Heating insert P system for live cell imaging. After bleaching of the region of interest (ROI) with 100% intensity of Argon/2 laser 488 nm (current 4.7 A), the time course of fluorescence recovery in the bleached ROI was monitored with 20 ms interval. Samples were analysed under Zeiss 510 Meta Confocal Laser Scanning microscope equipped with an inverted Zeiss Axiovert 200M microscope.
Measurements of wound-healing (cell motility) activities HeLa cells were grown to confluence in 60 mm culture dishes. One site in each dish was scraped from the confluent cells with p57
Kip2 controls LIMK-1 and actin dynamics P Vlachos and B Joseph a yellow plastic pipette tip to create a cleared line. The medium was removed and was replaced with fresh medium. The progress of cells moving into the wound area was photographed with Nikon Eclipse TE2000-S microscope (Japan) 0, 1.5, 3, 4.5 and 6 h after wounding.
In vitro kinase assay Protein Sepharose-precleared total protein extracts were incubated with anti-Flag antibody in nuclear extract buffer overnight at 4 1C.
Immunocomplexes bound to protein A-or G-Sepharose were collected by centrifugation and washed in RIPA buffer. The immunoprecipitates were incubated with 2 mg of cofilin (Cytoskeleton Inc., Denver, CO, USA) in the presence of p32-labeled g-ATP (PerkinElmer, Massachusetts, MA, USA) for 30 min at 30 1C, and the reactions were terminated by the addition of SDS sample buffer. The reaction products were separated on 15% SDS-PAGE, and phosphorylated cofilin proteins were detected by autoradiography and quantified by ImageJ software (Maryland, MD, USA).
